Abstract-In this paper, we demonstrate a device that is capable of generating an ultrashort (sub-nanosecond) high power microwave pulse by means of passive pulse compression in a compact reverberant cavity. The long duration input pulse into the cavity is created using time-reversal techniques, which allows the waveform to contain the inverse profile of the cavity phase distortion. When fed back into the cavity, the wave focusing at the output port results in a compressed ultrashort pulse with enhanced peak amplitude. We experimentally demonstrate a pulse compressor consisting of a 0.0074 m 3 cavity capable of generating a 130 picosecond pulse from an input waveform of 300 nanosecond duration with the peak gain of up to 19 dB.
INTRODUCTION
Microwave pulse compression is a technique for converting a long duration, low amplitude pulse into a short, high peak pulse. The benefit of pulse compression is that it allows for significantly higher peak power to be generated from a source whose output peak power is otherwise limited. For this reason, pulse compression has been of interest for various applications such as particle accelerators, radars and directed energy [1, 2] .
Historically, pulse compression can be achieved either actively or passively. An active pulse compressor consists of a resonant cavity with an embedded switch where narrowband microwave energy is stored in the cavity until the switch is tuned on to generate a sudden shift in the eigenmodes, temporarily destroying the cavity Q and causing the release of the energy in the form of a short, high power pulse [3] [4] [5] . A passive approach is to use a dispersive waveguide structure, where an input pulse containing the inverse dispersion profile is compressed into a short pulse with enhanced peak power as a result of the effective cancelation of dispersion [6] [7] [8] . The choice of pulse compression methods depends on the pulsewidth, power level, peak gain and frequencies of interest for a specific application.
There is interest in generating ultrashort, sub-nanosecond pulses that can be utilized in various areas such as directed energy, high resolution radar, wireless power transfer and biomedical applications [9] [10] [11] [12] [13] . Pulse compression could significantly increase achievable peak power in generating such pulses. However, the aforementioned pulse compression approaches may not be suitable due to their physical design constraints which limit the bandwidth, rendering these techniques incapable of generating ultrashort microwave pulses. Such a limitation comes from the switching speed and cavity size (for resonant cavity pulse compressors) and the dispersion rate (for dispersive waveguide pulse compressors).
In this paper, we present a passive pulse compressor based on a compact reverberant cavity that is capable of generating ultrashort microwave pulses. By applying time-reversal (TR) techniques, a long duration input pulse is created. As a result of wave focusing at the cavity output due to timereversal, a compressed short pulse with peak power significantly higher than the input pulse is generated.
In particular, we utilize one-bit time-reversal (OBTR) [14] to create input waveforms with uniform amplitude. OBTR has been applied to achieve high peak time-reversal reconstruction for various acoustic and electromagnetic applications [14] [15] [16] [17] . Fig. 1 presents a schematic diagram of the proposed passive pulse compressor. As shown in the figure, the input waveform is created by recording the impulse response of the same reverberation cavity used as a pulse compressor. The impulse response is then modified to have uniform amplitude by means of OBTR. In the pulse compression stage, the input waveform is fed into the cavity (from an arbitrary waveform generator) through an optional amplifier for higher peak power. The output of the cavity is an ultrashort high peak pulse. We experimentally demonstrate the proposed pulse compression using a compact reverberation cavity (0.0074 m 3 ), where a 130 ps short pulse is generated with the peak gain of up to 19 dB from an input waveform of 300 ns duration. The organization of the paper is as follows. In Section 2, the principles of TR and OBTR in a reverberant cavity towards pulse compression are discussed in terms of linear system equations. In Section 3, an experimental demonstration of the proposed pulse compressor is presented. A discussion on the compression gain in relation to cavity eigenmodes and energy efficiency will be presented in Section 4, followed by conclusions in Section 5.
REVERBERANT CAVITY AS A PASSIVE PULSE COMPRESSOR
A reverberant cavity provides a complex scattering environment due to the reflecting boundaries from its closed walls and scattering objects placed inside. For an impulse (short pulse) fed into a two-port reverberant cavity, the resulting signal at the output port is a slowly-decaying time-spread response, h(t), representing the sum of a large number of reflected echoes of the impulse over different multipath ray trajectories between the input and output ports. Such a scattering makes the effective propagation length significantly greater than the actual dimensions of the cavity. An example of h(t) is shown in Fig. 2(a) , where an impulse of 7 GHz bandwidth (between 2-9 GHz), which corresponds to ∼ 130 ps of pulsewidth, was transmitted into a cavity with the dimensions of 0.58 × 0.32 × 0.04 m 3 (see Fig. 9 . Experiment detail will be discussed in the subsequent section). The amplitude of h(t) is scaled to correspond to the impulse with the magnitude of 1 in the frequency domain (the actual peak amplitude of the original impulse is 0.25 V). In the frequency domain, h(t) is represented by a transfer function H(ω) (Fig. 2(b) ) consisting of closely spaced eigenmodes with random phase distortion. This phase distortion is heavily dependent on the position of the ports and scatterers which determine the propagation condition. In this regard, a reverberant cavity can be viewed as a highly dispersive structure with a random phase response.
The effects of this random dispersion in a reverberant cavity can be "undone" to reconstruct a short pulse by utilizing time-reversal (TR) [18, 19] . This is done by transmitting a time-reversed version of the impulse response into the cavity. The output of the cavity after applying TR is
where * denotes convolution and T is the duration of the measured cavity impulse response. With the time-delay information reversed, h(T − t) propagates inside the cavity following the same multipath ray trajectories, consequently removing the multipath delays and allowing the waves to focus at the output port to from a compressed short pulse at t = T . Fig. 3 shows y(t) generated using h(t) from Fig. 2(a) . A short pulse is observed at t = T = 300 ns that closely resembles the original impulse (see inset of Fig. 2 (a)) with time "sidelobes" which is an inherent feature of a TR reconstructed pulse arising from the non-focusing waves, which can be seen as leakage in pulse compression. These non-focusing waves are generated due to the omni-directionality of the cavity feeds. From a signal processing point of view
y(t) represents the autocorrelation of h(t).
In the frequency domain, time-reversal corresponds to phase conjugation and the resulting output signal is represented as
where the phase is completely canceled out since e jωT corresponds to the time shift. Fig. 4 presents the plots of the magnitude and phase (with e jωT term neglected) of Y (ω). Since |H(ω)| 2 is real valued, i.e., the Fourier series coefficients are real, all frequencies add coherently at t = T to form a short pulse. However, the non-uniform amplitude across the bandwidth (with peaks and nulls) gives rise to time sidelobes in y(t).
(a) (b) Now consider the peak gain (or compression gain), PG, defined as the ratio between the peaks of the output and input waveforms, that is,
where M = max{|h(t − T )|}. Using Eq. (3), P G from the examples in Figs. 2 and 3 is calculated to be 3.5 dB, which is not a significant gain considering the input waveform duration and bandwidth. Although a compressed short pulse is generated at the output, the amplitude decay in the original h(t) limits the maximum achievable peak amplitude of y(t). In other words, the time-amplitude space is not fully utilized to maximize the input energy. One way to overcome this problem is to apply OBTR [11] . In OBTR, the amplitude of h(t) is essentially quantized down to a single-bit (with sign) by setting the waveform amplitude to be either M or −M around zero crossings, namely
This allows a uniform amplitude across the whole waveform (Fig. 5) , thereby maximizing the input energy without sacrificing much of the delay (phase) information essential for time-reversal reconstruction. The output of the cavity after applying OBTR is Figure 6 shows y ob (t) in comparison to y(t), where a significant increase in peak amplitude is observed. By substituting y ob (t) into Eq. (3) the peak gain from OBTR, namely P G ob , is calculated to be 17.4 dB. An overall increase in time sidelobes is observed in y ob (t), especially to the left of the reconstructed pulse, due to a flat higher amplitude in the one-bit waveform. Time sidelobes to the right of the pulse decay in the same manner as that in y(t) as there is no input energy after t = T . In the frequency domain, the output is represented as
As shown in Fig. 7(a) , the magnitude level of Y ob (ω) is indeed significantly higher than that of Y (ω) in Fig. 4 (a) due to higher energy content. Note that Y ob (ω) does not have completely zero phase since the phases of H ob (ω) and H(ω) are not exactly matched anymore (i.e., H(ω)H * ob (ω) = |H(ω)| 2 ) due to the one-bit process. This none-zero phase results in some frequencies adding non-coherently, which explains the increase in time-sidelobes in the time-domain. However, the phase of Y ob (ω) mostly revolves around zero, with many of the phase components remaining at zero especially at frequencies with high resonant peaks. This still allows for many of the frequencies to add coherently to form a high peak at t = T . 
Figure 8. Normalized original impulse (red), TR output y(t) (green), and OBTR output y ob (t) (blue).
To check the fidelity of the compressed pulse via OBTR, y ob (t) with normalized amplitude is plotted along with the original impulse and y(t) (also normalized) in Fig. 8 . Note that y ob (t) and y(t) are timeshifted by T . In the figure, a short pulse closely resembling the original impulse is observed in y ob (t). Moreover, y ob (t) seems to have sidelobes with slightly lower peaks compared to y(t), even though it contains a larger number of time sidelobes. A good metric for pulse quality to use is the peak-toleakage ratio, PLR, defined as the ratio of the peak of the compressed pulse to maximum time sidelobe amplitude:
where [t i , t f ] is the timewidth that bounds the compressed pulse. The PLR provides insight into the relative level of energy leakage due to time sidelobes during the pulse compression process. Using this definition, y ob (t) in Fig. 8 has a PLR of 18.1 dB whereas the PLR for y(t) is 16.7 dB.
PULSE COMPRESSOR EXPERIMENT

Experiment Setup
We constructed an experimental pulse compressor consisting of a compact reverberant cavity, as shown in Fig. 9 . The inner dimensions of the cavity are 0.58 m × 0.32 m × 0.04 m (W × D × H) with the corresponding volume of 0.0074 m 3 . This cavity is a semi-2D cavity, where the waves reverberate only in the horizontal (broad) plane. In other words, the eigenmodes (resonances) are found only in the horizontal plane with no modal variation in the vertical plane. The cavity dimensions chosen here ensure an overmoded condition across the bandwidth of the impulse (2-9 GHz), i.e., the lowest eigenmode frequency is well below 2 GHz. An X-shaped scatterer is placed inside the cavity as a modemixer. Since the cavity consists of a complex propagation environment which is ray-chaotic, a slight change in the feed or mode-mixer position could result in completely different multipath trajectories between the input and output ports, producing different impulse responses which may influence the pulse compression performance. In this experiment we have varied the mode-mixer position by rotating it over 224 discrete angles and studied the effect on pulse compression. The experiment setup consisted of an arbitrary waveform generator (Tektronix AWG70002) as a waveform source connected to the cavity input and a digital oscilloscope (Tektronix DPO72004) to capture the cavity output waveforms (Fig. 10) . The experimental procedure generally followed the diagram in Fig. 1 , where an impulse (as shown in Fig. 2(a) ) is first transmitted into the cavity to measure and record h(t) for a time duration of T , which is then processed for OBTR. h ob (T − t) is then transmitted back into the cavity to produce a compressed ultrashort pulse y ob (t). The sampling rate of the arbitrary waveform generator was set at 25 Gs/s, which was sufficient to generate a 130 ps impulse as at least three samples are contained within that pulsewidth. The scope sampling rate was also set at 25 GS/s to maintain the same signal bandwidth in h(t). If h(t) is recorded at a slower sampling rate, then the signal bandwidth would be limited, stretching the output pulse to be wider than the original impulse with a lower peak amplitude, thereby reducing the peak gain.
In every measurement the input waveform h ob (T − t) has a duration T of 300 ns. A power amplifier was not used in this experiment. Therefore the input amplitude remained at 0.25 V, which was the maximum output level of the arbitrary waveform generator. Depending on the desired peak power level in a practical scenario, a power amplifier with an appropriate bandwidth can be added. The cavity feeds also need to be designed properly according to the output power requirement. Figure 11 shows y ob (t) measured with the mode-mixer position that produced the maximum compression gain (PG) of 19.6 dB, where a short compressed pulse resembling the original impulse is observed with a peak amplitude of 2.4 V. The compressed pulse in this case also closely resembles the original impulse with time sidelobes generated due to leakage similar to that from Fig. 6 . While all of the measured output waveforms share the same features, i.e., compressed short pulse with time sidelobes, the peak amplitude level varies and therefore the PG values. In Fig. 12 , the PG values obtained from all 224 mode-mixer positions are plotted, where a few points above 19 dB are observed as well as a few points below 15 dB. The minimum gain obtained from this set of measurements is 14.6 dB. The majority of the PG values seem to be around 17 dB, which is also the average PG value. This experiment shows that the cavity configuration influences the achievable compression gain. Thus it may be necessary to carry out an "optimization" in order to determine the configuration that produces the maximum gain for a given reverberant cavity. However, even without this optimization, the statistics show that there is an expected PG value (17 dB in this case) which is still significant. Therefore, determining whether to optimize the cavity would depend on the application and operation of the pulse compressor.
Results and Discussion
Compression efficiency is also an important parameter to discuss as it is a measure of energy conversion from input to output. Here we calculate the compression efficiency to be the ratio of the energies in the output to input signal. The compression efficiency of our experimental system is less than 10%. This number is significantly lower than the reported efficiency of other pulse compression systems typically ranging between 40-60% [3] [4] [5] [6] [7] [8] . The low efficiency of our compressor is primarily due to the loss in the cavity, which is evident from the transfer function plotted in Fig. 2(b) , where most of the eigenmodes peaks are below 0.5 (−6 dB). For a lossless cavity, the eigenmodes peaks should be 1 (0 dB), which would result in a significantly higher efficiency. A large portion of the cavity loss is due to the feed ports. Hence, a design improvement in the feed ports would be necessary in order to increase the compression efficiency. Another way to further increase the efficiency is to optimize the input waveform duration T such that T roughly corresponds to the time at which most amplitude has decayed in h(t). Increasing the efficiency would also result in higher peak gain.
CONCLUSION
In this paper, we propose a passive pulse compressor capable of generating ultrashort microwave pulses based on a compact reverberant cavity. One-bit time-reversal is applied to create a long duration flat-amplitude input waveform that contains the inverse phase distortion of the cavity, so as to create a compressed high peak ultrashort pulse as a result of phase cancellation due to time-reversal. We have built and demonstrated an experimental pulse compressor that can generate a 130 ps output pulse with up to 19 dB of peak gain (with 17 dB of expected gain value from statistics). By designing and optimizing the cavity for a desired pulse width and peak power level, this pulse compressor could be used in various applications requiring high peak ultrashort pulses such as directed energy, high resolution radar, biomedical and short pulse wireless power transfer.
